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é phenols by Co(II) bis(salicylidene—y-—iminopropyl)methylamine,

CoSMDPT are reported. © The reaction is first order in (OEB,

[substrate) and {Co]. A series of experiments are reported to

provide strong support for a mechanistic scheme that involves

reaction of coordinated dioxygen. Coordination of d; to this

cobalt (I1) complex enhances the ability of the dioxygen to
abstract hydrogen atoms and to react with phenoxy radicals.
The mechanism provides a rationale for the influence of several

variables on the reaction and suggests steps that were taken to

retard catalyst deactivation.

RN Approved for public relecse;
Distribution Unlimited




SECUXITY CLASSIFICATION OF THIS PAGE (When Data Entered)

” g

Ly

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

1. REPORTY NUMBER 2. GOVT ACCESSION NO,

ONR-TR-6 DAL02 7

3. RECIPIENT'S CATALOG NUMBER

24

4. TITLE (and Subtitle)
Activation of Molecular Oxygen: Studies
of the Oxidation of Hindered Phenols with

S. TYPE OF REPORT & PERIOD COVERED

Cobalt-Dioxygen Complexes

6. PERFORMING ORG. REPORT NUMBER

7. AUTHOR(s)

Alan Zombeck, Russell S, Drago,
Barry B. Corden, John Gaul

8. CONTRACT OR GRANT NUMBER(s)

N-00014-78-6-0245

9. PERFORMING ORGANIZATION NAME AND ADDRESS
School of Chemical Sciences
University of Illinois
Urbana, IL 61801

10. PROGRAM ELE

M MENT. PROJECT, TASK
AREA & WORK UN ERS

1T NUMB

NR-356-675

11, CONTROLLING OFFICE NAME AND ADDRESS
Department of Navy

12. REPORT DATE

July 25, 1981

Office of Naval Research
Arlington, VA 22217

13, NUMBER OF PAGES

29

14. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Office)

15. SECURITY CLASS. (of this report)

unclassified

t1Sa. DECL ASSIFICATION/DOWNGRADING
SCHEDULE

16. TiSTRILITION STATEMENT (of this Report)

Approved for public release, distribution

unlimited. Reproductio

is permitted for any purpose of the United States Government.

i

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, it different from Report)

Distribution of this document is unlimited.

18. SUPPLEMENTARY NOTES

Accepted for publication in Journal of the American Chemical

Societx.

19. KEY WORDS (Continue on reverse eide if necessary and identify by block number)

activation

phenol oxidation, cobalt oxidation catalyst, molecular oxygen

20. ABSTRACT (Continue on reverse side If neceseary and identify by block number)

(attached)

EDITION OF 1 NOV 85 |$ OBSOLETE
S/N 0102-LF-014-6601

DD, an"ss 1473

B R e R e TR

SECURITY CLASSIFICATION OF THIS PAGE ("hen Dete Buntered)




s gy Ty I
BRI st NN L R s VT o PEIM O LY 36 L™ P 5 oM AR YA SR TG M 0 2 L I oy P e A0 el UREE /4 N e T Ll

INTRODUCTION

Determining the ways dioxygen can be activated by a metal
center is important for understanding both biological and com-

{1,2]

mercial systems. Though homogeneous catalytic oxidations ‘

have been classified in many different fashions,[3’4]

they can

. be separated into four broad categories: (1) free radical autoxi-
dations using simple metal salts; (2) attack by various oxygen-
containing nucleophiles on coordinated substrates; (3) oxygen
atom transfers from high oxidation state elements; (4) epoxidation
of olefins using metal catalysts and alkyl hydroperoxides. Major

. . goals in this field involve controlled, highly selective, oxida-

tions of substrates and demonstration of oxidation capabilities

by metal bound 02.

We became interested in investigating the possibility of

catalyzing oxidations with metal-dioxygen adducts. There are

many complexes that réversibly bind dioxygen,[s] and the bonding

is now understood in terms of the spin-pairing model.[6] Upon i
coordination of cobalt(II) to dioxygen,[7] partial electron trans- f
fer from cobalt to oxygen occurs ranging from 0.le” to 0.8e”

depending on the ligand field surrounding the cobalt.[B] This
should provide for variation in the reactivity of the bound 02.
Of the many reported oxidations by 02, the oxidation of phenols

appeared most attractive as a candidate for a process that involves

metal coordinated O,. Numerous reagents and catalysts oxidize

PR S

phenols and these reactions have been recviewed extensively in

the literature.lg_lll Cenerally, phenols can be oxidized to

quinones, coupled products (diphenoquinones), or polymers, depending
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on the choice of catalyst or reagent. The oxidation of hindered

phenols by cobalt-salen-dioxygen complexes was first described in

[12]

1967 by vanDort and Guerson., High yields of the corresponding

benzoquinone, BQ, were obtained using phenols which were not sub-

stituted in the para position. Several workers[l3’l4] have

investigated the effect of various reaction conditions on the
product distribution and hypothesize that the monomeric Co—O2
species produces BQ while the u-peroxo dimer yields DPQ. While

it is true that reaction conditions will affect the monomer-dimer

equilibrium, Kothari and Tazurma cite evidence to indicate[lSJ

that the active species leading to both BQ and DPQ is the mono-

[15] [16] [17]

nuclear adduct. Cobalt phthalocyanine,
(18]

CoSMDPT, , Co-acacen,

and cobaloxime derivatives all form dioxygen adducts and have

been found to be active catalysts for this oxidation.

[19]

Nishinaga has reported the majority of the recent work

[20] ,
d that the monomeric

on this subject. He has demonstrate
cobalt-dioxygen complex can abstract a hydrogen atom from a
2,4,6-trisubstituted phenol by showing the simultaneous disappcar-
ance of the Co—O2 EPR signal with the appearance of a phenoxy
radical signal when the oxygen supply is limited. The product of
the reaction of the phenoxy radical with the cobalt(II) complex

[21]

and O2 has been isolated and characterized as the following species.

o

b
/(/<;‘O-OCOLG

Nishinaga proposes that this product arises from o, attack on a
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cobalt (III) phenolate complex. Nishinaga's proposed mechanism

is summarized as follows:

O-
L5C0-02 + H-O-@—R ya— @X + LSCO(II) + HOZ.
R

 m e e A

O..
L_Co(II) + — s L_cotM! -0
5 5 R
| R
ITI e 9
; L:Co -0 —_ LSCo(III)—O-O‘/ =0
R R

Many unanswered questions remain concerning this important

reaction. To date, the reaction schemes presented are based on
chemical intuition supported by relatively little mechanistic

data. Also, the catalyst undergoes about seventy turnovers and
then becomes relatively ineffective for reasons that are unknown.
Thus, we began a kinetic investigation to provide insight for both
the oxidation of the substrate and the deactivation of the catalyst.

We hoped to gain an understanding of the mechanism of this reaction

to determine if indeed a true dioxygen-activation pathway was
operative, and with this understanding evaluate the potential of

this catalytic system for more difficult oxidations.
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EXPERIMENTAL

General

The EPR spectra were collected on a Varian Model E-9 spectrometer
equipped with a Hewlett Packard frequency counter. NMR spectra were
obtained on a Varian 390 spectrometer. Mass spectra were run by tha
Mass Spectroscopy Lab at the University of Illinois on a CH-5 instru-
ment. All elemental analyses were performed by the Microanalytical
Lab at the University of Illinois.

Materials

The preparation of CoSMDPT, Co(II)bis(salicylidene-y-iminopropyl)-

methylamine, by published procedures[23]

was verified by elemental
analysis. All phenols were obtained from Aldrich and used without
further purification. All solvents were stored over 3A molecular sieves.

Deuterated 2,6-dimethylphenol

A deuterated sample of 2,6-dimethylphenol was prepared by reac-

tion of the starting phenol with methyl-iodide magnesium Grignard

reagent, followed by subseguent workup in D20. Its mass spectrum

showed 70% substitution of OD, The OD stretch is observed at

2520 cm’l.

Kinetic studies

The reaction progress was monitored by following the O2 con-
sumption. The procedure and apparatus for condubting the oxidation

(23] Oxida-

at atmospheric pressure has been described previously.
tions performed at elevated pressures were conducted in a Parr
pressure bottle fitted with a pressure gauge and placed in a

temperature controlled oil bath. Typically, a 250 ml pressure

bottle was charged with a 50 ml solution of the phenol (concentra-

tions given in text) and magnetic stir bar. The solid cobalt
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catalyst would be floated on the solution in a plastic cap. The
system was purged several times with O2 and allowed to egquilibrate
at the appropriate temperature and pressure (usually 30 min.).
Reaction began by stirring the solution and spilling the solid
catalyst into the solution. All reactions were stirred at a suf-
ficient rate to ensure mass transfer of dioxygen in the solvent

w..S not rate limiting. The 0. consumption was found to correlate

2

- with product formation. This method gave reproducible results

within + 1 psi. Reported rates reproducible to within 5% were
taken from maximum slopes of the oxygen uptake curves.

Products for the 2,6-di-t-butylphenol oxidation were analyzed

[24]

by NMR integration of the t-butyl group. After completion. of

the reaction, CHCl3 was added to insure all products were in

solution.
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RESULTS

The cobalt complex used in our study was Co(II) bis(salicylidene- i
y-iminopropyl)methyl amine, or CoSMDPT. A representation of the

complex is shown below; !

Kinetic studies

The reaction orders for cobalt, phenol, and O2 were obtained

by independently varying the concentrations of each and monitoring

0]

IO IORE

2 uptake. All oxidations were conducted in benzene. The O2

uptake at atmospheric pressure for the reaction at various cobalt

concentrations is shown in Figure 1. A plot of 1n[Co] vs. 1In[d([0,)])/dt]
yields a straight line with a slope of “1 (Figure 2) indicating

the reaction is first order in [Co] as long as the catalyst is

completely dissolved. First order kinetics are observed for phenol
concentrations less that 0.09 M (Figure 3). When the ratio of
nphenol to cobalt becomes greater than 20/1, the rate becomes

vseudo zero order in substrate. The reaction was conducted at
three different O2 pressures, while maintainina all othcer conditions

constant. Figure 4 shows the dependence of the rate of tie reaction
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on the oxygen pressure. The initial rates observed at 60 psi

(4.1 atm) and 120 psi (8.2 atm) are approximately 4 and 8 times

faster, respcctively, than the rate of oxidation at atmospheric

pressure, indicating a first order dependence on the O2 concentration.
When a sample of 2,6-dimethyldeuterophenol was employed as

the sybstrate at 30°C the reaction rate was identical, within

experimental error, to the undeuterated sample throughout the

duration of the reaction. To ensure that the reaction conditions did not

convert some of the deuterated phenol to undeuterated phenol since HOD is
produced, a reaction was run with excess D20 (2 ml, .11 moles)

present with the deuterated phenol. The same rate was found for

both the deuterated phenol-water and the undeuterated phenol-

water experiment, thus indicating an absence of a deuterium isotope
effect for this system.

Various phenols were oxidized with CoSMDPT in benzene at 30°C
(Table I). 1In the absence of the steric effects encountered in
the 2,4,6-trisubstituted phénols or the 2,6-di-t-butylphenol, the
rate increcases as the oxidation potential of the phenol decreases.
Unsubstituted phenol is oxidized by CoSMDPT in dimethylformamide
at higher temperatures and pressures {(Table I).

Increasing temperatures up to 50°C results in a faster
oxidation of 2,6-dimethylphenol as seen in Figure 5. Temperatures
above 70°C have little or no effect on the rate. This bchavior
indicates the complexity of the reaction mechanism since this
increased rate contrasts with the decreased amount of cobalt-

diozvqen adduct expected at the higher temperaturc.[23]

4

Colvent variation 2len vields comnlicatzd beavior vhere

the rate in chloroform + toluene = benzene > methylene chloricde ~

- 3 T
Toshannl > DE,




R e aalaid

Catalvst Deactivation

In a typical oxidation with excess phenol, O2 uptake slows
substantially by 70 turnovers and declines to almost zero, in
roughly the next 20 turnovers. The deactivation of the catalyst
(evidenced by the decrease in reaction rate) is accompanied by

the precipitation of a brown solid. Chemical analysis of this
solid indicates that a considerable increase in the oxXygen contert
of the spent catalyst has occurred compared to CoSMDPT, Typi-
cally a 6/1 ratio of 0/Co is found in the former.
Studies were initiated to determine the factors that lead to

decline in catalytic activity. The change in catalyst lifetime

i ' for different conditions is indicated in Table II by the number
of turnovers. 1In these experiments an oxidation was run at 60 psi

’

with a large excess of phenol to cobalt. Uptake is monitored to

30 psi, and then recharged to 60 psi. This cycle is repeated

until a noticeable decrease in rate is observed.

The EPR spectrum of a reaction mixture was monitored during
the course of an oxidation to determine the correlation of the
Co-0, signal with catalyst deactivation. Aliquots of the reaction

mixture taken at various intervals of O2 uptake show only a Co-0

2
signal. Interestingly, this signal remains at relatively the

same intensity throughout the reaction; cven after the noticcable

drop in catalyst activity that occurs at 70 turnovers. This rcsult

imnlies that a product of the oxidation causes a declinc in cataly- ;
tic activity without initially destroying the Co-O2 species. This %
period i5 followed by the subsequent oxidation of cobalt(II) to g

cobalt({III) and the disappearnce of the LPR signal. The major

products of th: oxidation, BQ and H,0, do not inhibit the 0, uptake

a hown in Table [I. owever, acids are found to inhibit cata-

3

17]




lytic activity. Adding a solution of benzcne, saturated with dry

HCl, to a solution in the midst of an oxidation reaction results ;
in an immediate end to the 0, uptake. Inhibition is obtained
when solutions of trifluoroethanol or benzoic acid are added.
When a weaker acid such as unsubstituted phenol is added to the
oxidation reactign, the rate decreases and a large amount of the
coupled product DPQ is generated., The EPR of the solution con-
’ taining TFE and phenol show characteristic Co—O2 signals, while
solutions. containing benzoic acid or HC1l do not show an EPR
signal because rapid oxidation of the cobalt occcurs.
f ‘ » Increase turnovers are obtained when the reaction is run in
the presence of Na2C03 as seen in Table II, The addition of

[27]

2,6-1lutidene or polystyrene bound tertiary amine, also increases

turnovers with the Na2CO3 slurry being most effective, Peroxides

' formed from decomposition of metal-dioxygen complexes[28] or

from HO, were suspected as side products that could cause ring
clecavage and lead to organic acids that decompose the catalyst.
When an acjucous H,0, solution is added to a methanol solution of

catalyst, O2 gas is evolved. When a 30% aqucous H20 solution is

2 .
added to a 2,6-dimethylphenol oxidation in methanol solvent the .k
prossurc drop is monitored from the initial increased value of !
nressure from H202 decomposition. A decline in the number cof
turncvars (Table II) is rescrved.

I¢ H202 i3 used as the only oxvgen source (the reaction wvwith
phaenol i3 run under argon), CoSMDPT catalyzes the decomposition
ot 5,0, to H20 and 0, with the simultancous irreversible oxidation

o the cobalt coenter and no benzoquinone is forrmed. Thus, the

“rasaoncae of i.0, inhibits the conversion of ohicnol to auinone.
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DISCUSSION

The results of this study clearly indicate that a metal bound

dioxygen is an active species in the oxidation of phenol. The

following steps are implicated:

L.Co(II) + O, = L 5Co-0, (1)

LSCoO + H- O~<::> =1L Cooz—Ho—;()> (2)

L5C002—H—O—<EZ> - LSCo(II) + HOZ- +
/

IOI

N\
( \ (3)
Vit

Step 2 is supported by earlier studies in which it is conclusively

shown[25] that trifluorcethanol, TFE, undergoes a hydrogen bonding

interaction with the terminal oxygen of the cobalt-dioxygen adduct.
Although TFE is a stronger acid than 2,6—dimethylphenol,[29] they
are close enough in acidity to expect the interaction in equation

2 to occur. Step 3 receives support form the EPR identification
of the phenoxy radical formed when 2,4,6-tri-t-butylphenol is
oxidized with this catalyst.

There are several paths by which the phenoxy radical can be
converted to the guinone. The reaction of the phenoxy radical
with free O, to form benzoquinone {BQ) is ruled out since the
free radical reacts faster with itself in the presence of O, to
forrm liohenohvdroauinone and subserjuently diphenoauinone, DPQ,

. . 9 . ;
than it rcacts with 02.[ J The recaction ot

the phenoxy radical
with 1O, was proposed carlier in a scheme to

[3]

»C the reaction. This proposal does not seem plausible

account for the pro-

ducts

for the follewing reason. When HO, radicals are intermediates in




autoxidations, large deuterium isotope effects are observed[3ol

and this is not the case in our system. Since HO2 is reported[3l]

f
3
1

to decompose at diffusion controlled rates and the slow step in

this reaction occurs subsequent to step 3, vide infra, the fate

of H02 is decomposition:

.?.HO2 —_— HOOR + O2

The following possible reactions of the phenoxy radical with

r

cobalt complexes remain to be considered for the next step:

| H
L LsCo-0, + {O ; —>LC002\Q=§ (&
4
5+ + Lyco- o-@ )

L Co(II)

H .
L Co(II) +@ + L Co—\<j=0 (Ga)

2 =
—% 1,C0-0,~( ;=0  (v)
4 =/

— -\ H
L CoO H + . | = (
(C ; 0 LoCo(1T) + o.-(__f (7)

The kinetic orders found in this study are consistent with
several of the rcactions listed above. Rate expressions can be
derived whose rcaction orders are consistent with step 2, or more
likely 3, being rate controlling and 4, S5, 6, or 7 fast. Since
no deuterium isotope effect was observed on the rate of oxidation,
we can climinate steps 2 or 3 as the rate controlling step.
Mechanisms in which steps 4, 5a, and 6a are rate controlling are

also censistent with the ohserved rate law if a steady state con-
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centration of phenoxy radicals is assumed. Rate controlling steps
for 5b and 6b can be eliminated for they would lead to a second

order dependence on 02. A rate controlling step 7 is not reasonable

in view of the short lifetime of an L5C002H species[32]

peroxides have not been observed in the reaction medium.

and because
(21]
Furthermore, if 7 were a key step, catalysis of the hydroxylation

of 2,4,6-trimethyphenol by CoSMDPT would have been observed.

Several indirect pieces of evidence suggest that in addition
to the hydrogen atom abstraction of the first step, there is in-
volvement of an L5C002 species in a subsequent reaction with the
phenoxy radical; (Equation 4). The ratio of BQ to DPQ is very
informative in this connection. If this step under consideration
(4, 5a or 6a) is inhibited, the phenoxy radical concentration will
increase, these radicals will couple to form diphenohydroguinone
and be oxidized to diphenoquinone. Data reported earlier[23] on
the catalysis of this oxidation by polystrene bound CoSMDPT suggests
subsequent cobalt involvement (steps 4, 5a or 6a). The BQ/DPQ
ratio is a function of the cobalt loadings in polymer. At high
loadings, where the generated radical has a high probability of
encountering another cobalt-dioxyen center, large ratios of BQ/DPQ
are obtained. At low cobalt concentrations the ratio is reduced
substantially. Encounter of phenoxy radical wiﬁh a cobalt center
leads to BQ while failure to encounter one leads to DPQ. Several
reagents including solid Pho, will generate phenoxy radicals.[33]
when I’bo2 and Co(II) (acctylacctonato)z(which does not form a

dio:iygen adduct under these conditions) catalyzed oxidation of

2,6-dimethylvhenol, only diphenoquinone is produced. This result
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suggests that the phenoxyl radical needs to encounter a Co-O2
species as shown in step 4 for the production of the guinone. 1If,
as shown in step 5, a cobalt(II) species were sufficient, Co(acac)2
could have fulfilled this requirement.

Wthen competitive hydrogen bonding agents are added to the
reaction medium for a 2,6-dimethylphenol, CoSMDPT catalyzed oxi-
dation, the results are readily rationalzed in terms of step 4.
When unsubstituted phenol, a slightly stronger acid than 2,6-
dimethylphenol, is added to the reaction mixture, the rate of
reaction is decreased and the BQ/DP() ratio is decreased, With the
phenol competitively hvdrogen bonding to L_CoO

5 27
attack on this species is inhibited and DPQ is formed at the

the phenoxy radical

expense of BRQ.
A reaction in progress can be stopped by adding the stronger

acid TFE. Since radicals can be generated by Co(III), vide infra,

this suggests a role of other than a radical initiation step for
L5CoO2 and we pnropose equation 4, When stronger acids such as
benzoic acid or HCl arc added, the reaction stops immediately and

this is accompanied by oxidation of cobalt(II) to cobalt(III).

Nishinagallg] has ruled out the possibility of step 4 being

important on the basis of the following experiment: bubbling O2

through a solution of CoSMDPT and 2,4,6-tri-t-bhutylphenoxy radical

produced only the coupled product that resulted from the reaction

»f the radical with froe 0,.

0
74/1\ X CoSMDPT %q/'knx

ol e, TN
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Although experimental details av2 lacking, there may be two poten-
tial drawbacks to this conclusion. First, the concentration of
free phenoxy radicals in the oxidation of 2,6-dimethylphenol is
extremely low under catalytic reaction conditions (as mentioned
above) , making the reaction in equation 8 much less probable.
Second, the concentration of Co-O2 in the above experiment is
expected to be lower than that in the phenol oxidation because it
has been shown that the equilibrium in step 1 is enhanced[25] by
the addition of hydrogen bonding substrates via step 2. Thus, the
concentration of L5Coo2 in a solution of phenoxy radicals is con-
siderably less than what is found in a typical phenol oxidation.

(19]

Instead of step 4, steps 6a and 6b are proposed as the

mechanism for quinone formation. Formation of a Co-C bond is
followed by subseguent O2 insertion to produce the cobalt-peroxy-

quinone compound. We prepared the cobalt-peroxy-cuinone complex

{20]

of 2,4,6-tri-t-butylphenol reported by Nishinaga and observed

a very interesting nhenomecna in the EPR. If a tolucne/CH2C12

glass of this complex is prepared, the EPR specturm in Figure 6 is
observed. It displays overlapping spectra of the free phenoxy

radical and Co—O2 signal. Thus, the phenoxy radical plus L.CoO

5 2
arc in equilibrium with the cobalt-peroxo-quinone. This is most

rcadily wvisualized as occurring via the reverse recaction of step 4
and would support the direct pairing of radicals in the oxidation
as opposed to an unprecedented reversible O2 insertion (the rcverse

of sten 6).

T Lo Laaining probl oa o favolvoes choe step Yor converking

==

Co=-0 - =0 to the uinone and regencrating the catalyst.

Lg 2

Thers i3 no direct information bearing on this problem. By

pras——
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analogy with the decomposition of an organic hydroperoxide, we

2 e s et

propose the following reaction for quinone formation:

= -+ (III)OH 0 =0 (9)
- =0 L_Co + =
LSCoO2 5

The Co(II) species could be regenerated by phenol oxidation as

follows:

L Co(III)OH + HO > LgCo(II) + H,0 + ‘0 - (10)

The fate of the HO,, generated in step 3 is worth considering
further. The rate of self reaction of HO, approaches the diffusion

[31] 1t could be converted

controlled limit in nonpolar solvents.
to hydroden puroxide by hydrogen atom abstraction from phenol and
the peroxide can be decomposed into water and O2 by the cobalt(II)
complex. Minor side reactions involving small amounts of HO,
radical or hydrogen peroxide are probably implicated in the cata-
lyst degradation reaction. Carboxylic acids formed from ring

opening reactions would block step 2 above and stop oxidation

by inhibiting formation of the phenoxy radical. The observation

of a cobalt—o2 EPR of undiminished intensity in the dcactivated

catalyst is consistent with such a hydrogen bonded carboxylic acid- e
cobalt dioxygen adduct. Carboxylic acids can arise by attack of
O, on quinones or via Baeyer-Villiger type attacks of peroxides
on ketones. FEuperiments designed to test this speculation led to
a very significant improvement in catalyst lifctime. Addition of
base to the recaction mixture greatly extended the number of turn-
overs by the catalyst. The most basic material, Ha2C03, was

most effective. The role of a base is not well established, how~

ever, since the pKa of HO, is 4.9 it should ke converted into a




[34]

A e ot

superoxide anion by the addition of these bases. Thus we

propose that equations 1, 2, 3, 4, 9 and 10 constitute the reac-

R IO

tion both for the formation of quinone, and the regeneration of

the catalyst.

The metal plays two important roles in the catalysis of

this oxidation: (1) coordination activates the O2 molecule and en-

hances its ability to abstract hydrogen atoms; (2) coordination

enhances the activity of the O2 molecule in a free radical reaction
with organic moleculesi There are many aspects of the mechanism
of this oxidation reacticn that remain speculative. We have,
however, presented results that rule out many of the possible
paths. Our proposed mechanism is summarized in Figure 7. The i
extension of a reaction pathway for a given system to other sub-

strates is always a dangerous practice and this lack of generality is

one of the shortcomings of kinetic investigations. In this study,
we have been able to provide a scheme for the oxidation of 2,6~
dimethylphenol that is consistent with the known reactivity of

, this and analogous substrates. We have also been able to demon-

strate that coordination of dioxygen to a metal enhances the rate

at vhich it undergoes the spin-pairing reaction with organic free

radicals.
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TABLE IT

Oxidation of 2,6 Dimethylphenol; Determination of

Catalytic Activity with Various Additives '

mmoles AP Time Total
of Additives (psi) (hrs) Turnovers
!
, No Additive —_— 68 20.5 76
2,6 dimethylbenzoquinone 10.5 83 17.5 93
: 2,6 dimethylbenzoquinone 33.0 86 18 96
i 2,6 dimethylbenzoquinone + H,0 33.0 82 18 92
E ; 'Na2c03 slurry?® 36.7 56 20.5 249
% | Fe (acac) ,C1 36.7 70 20.5 78 }
i MeOH (solvent)P? _ a8 20.5 200 §
H,0, in MeOHP 17.6 51 20.5 46 |
H,0, in MeOH plus ‘ 17.6 21 20.5 24
2,6 dimethylbenzoquinone i

All oxidations were conducted in 50 ml of benzene, unless stated
otherwise, with 7.37 x 1072 moles of 2,6 dimethylphenol, and 4.88 x 107"
moles CoSMDPT, temperature = 30°C. 3small amount of a crown ether
added as well to act as a phase transfer catalyst, but was later found

not to be necessary. b1.24 b 10-4 moles CoSMDPT to accomodate the large

number of turnovers at comparable phenol concentrations.
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IFIGURE CAPTIONS

Figure 1. Oxygen uptake curves for oxidation of 2,6-dimethylphenol

(4.0 x 10-'2 M), with CoSMDPT. Cobalt concentrations are (1)

4.014 x 1072 1, (2) 2.996 x 1072 M, (3) 2.202 x 1072 M, (4)

2.00 x 1072 M, (5) 1.252 x 1072 M, (6) 1.014 x 1072 M,

(7) 0.620 x 1072 M.

Figure 2. Plot of ln[doz/dt] versus 1ln[Co}l ({(from Figure 1l). Slope
indicates reaction order for cobalt = 1.

Figure 3. First order kinetic plot for oxidation of 2,6 dimethyl-

phenol with CoSMDPT (4 x 1073 M in Co) in 25 ml of benzene.

Figure 4. Oxidation of 2,6 dimethylphenol (.494 M) with CoSMDPT
(.0146 M) in 50 ml of benzene. Temperature = 30°C, O initial

pressure 120 psi, O initial pressure 60 psi.

Figure 5. Oxidation of 2,6 dimethylphenol at various temperatures

[Col = .0146 M [phenol] = .49 M in 50 ml of toluene.

Figure 6. CH2C17/toluene frozen glass EPR {x-band) spectrum of

Co-0, and phenoxyl radical.

Figure 7. DProposcd mechanism for the oxidation of 2,6 dimethylphenol

by COSMDPT.
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